Crystal structure of Staphylococcus aureus exfoliative toxin D-like protein: Structural basis for the high specificity of exfoliative toxins  by Mariutti, Ricardo B. et al.
lable at ScienceDirect
Biochemical and Biophysical Research Communications 467 (2015) 171e177Contents lists avaiBiochemical and Biophysical Research Communications
journal homepage: www.elsevier .com/locate/ybbrcCrystal structure of Staphylococcus aureus exfoliative toxin D-like
protein: Structural basis for the high speciﬁcity of exfoliative toxins
Ricardo B. Mariutti a, Tatiana A.C.B. Souza b, Anwar Ullah a, Icaro P. Caruso a,
Fabio R. de Moraes a, Leticia M. Zanphorlin c, Natayme R. Tartaglia d, e, f, Nubia Seyffert d,
Vasco A. Azevedo d, Yves Le Loir e, f, Mario T. Murakami g, Raghuvir K. Arni a, *
a Multi User Center for Biomolecular Innovation, Department of Physics, IBILCE/UNESP, S~ao Jose do Rio Preto, SP, Brazil
b Carlos Chagas Institute, FIOCRUZ-PR, Curitiba, PR, Brazil
c Bioethanol Science and Technology Laboratory (CTBE), National Center for Research in Energy and Materials, Campinas, SP, 13083-970, Brazil
d Cellular and Molecular Genetics Laboratory, Institute of Biological Sciences, Federal University of Minas Gerais, Belo Horizonte, MG, 270-901, Brazil
e INRA, UMR1253 STLO, Science et Technologie du Lait et de l’œuf, F-35042 Rennes, France
f Agrocampus Ouest, UMR1253 STLO, F-35042 Rennes, France
g Brazilian Biosciences National Laboratory (LNBio), National Center for Research in Energy and Materials, Campinas, SP, 13083-970, Brazila r t i c l e i n f o
Article history:
Received 12 August 2015
Accepted 19 August 2015
Available online 20 August 2015
Keywords:
Exfoliative toxin D-like protein
Staphylococcus aureus
Crystal structure
Toxin-mediated staphylococcal syndromes* Corresponding author. Departamento de Física, U
(UNESP), S~ao Jose do Rio Preto, 15054-000, SP, Brazil.
E-mail address: arni@sjrp.unesp.br (R.K. Arni).
http://dx.doi.org/10.1016/j.bbrc.2015.08.083
0006-291X/© 2015 Elsevier Inc. All rights reserved.a b s t r a c t
Exfoliative toxins are serine proteases secreted by Staphylococcus aureus that are associated with toxin-
mediated staphylococcal syndromes. To date, four different serotypes of exfoliative toxins have been
identiﬁed and 3 of them (ETA, ETB, and ETD) are linked to human infection. Among these toxins, only the
ETD structure remained unknown, limiting our understanding of the structural determinants for the
functional differentiation between these toxins. We recently identiﬁed an ETD-like protein associated to
S. aureus strains involved in mild mastitis in sheep. The crystal structure of this ETD-like protein was
determined at 1.95 Å resolution and the structural analysis provide insights into the oligomerization,
stability and speciﬁcity and enabled a comprehensive structural comparison with ETA and ETB. Despite
the highly conserved molecular architecture, signiﬁcant differences in the composition of the loops and
in both the N- and C-terminal a-helices seem to deﬁne ETD-like speciﬁcity. Molecular dynamics simu-
lations indicate that these regions deﬁning ET speciﬁcity present different degrees of ﬂexibility and may
undergo conformational changes upon substrate recognition and binding. DLS and AUC experiments
indicated that the ETD-like is monomeric in solution whereas it is present as a dimer in the asymmetric
unit indicating that oligomerization is not related to functional differentiation among these toxins.
Differential scanning calorimetry and circular dichroism assays demonstrated an endothermic transition
centered at 52 C, and an exothermic aggregation in temperatures up to 64 C. All these together provide
insights about the mode of action of a toxin often secreted in syndromes that are not associated with
either ETA or ETB.
© 2015 Elsevier Inc. All rights reserved.1. Introduction
Staphylococcus aureus, the Gram-positive bacterial pathogen,
triggers a wide spectrum of infection and is the primary causative
agent of pyogenic infections which can result in septicemia, oste-
omyelitis and meningitis, is encountered in humans and approxi-
mately 35% of the population are carriers. It is also found in warm-
blooded animals [1] and is a major causative agent of mastitis inniversidade Estadual Paulistaruminants, causing thus huge economic losses in the milk pro-
duction [2].
S. aureus secretes different exfoliative toxins (ETs) that result in
toxin-mediated staphylococcal syndromes. These disorders range
from localized bullous impetigo to staphylococcal scalded skin
syndrome (SSSS) inwhich superﬁcial skin blistering and exfoliation
follow widespread painful erythema [3]. Thus far, four different
serotypes of exfoliative toxins ETA, ETB, ETC, and ETD have been
identiﬁed [4] and three of them (ETA, ETB, and ETD) are related to
human infection [5]. Some ET and ET-like proteins are also found
associated to skin infections in animal hosts and show cleavage
speciﬁcity against human or animal desmogleins [6].
Table 1
Hydrodynamic and structural properties of ETD-like.
DLS AUCa
MW (kDa) e 27.2
f/f0 e 1.43
s (S) e 2.2
Rs (nm) 2.8 e
Polydispersity (%) 30 e
a Calculated from sedimentation velocity data using SedFit software.
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dermatitis caused by ETs [7], primarily affect newborns with
exfoliation of 50% ormore of the skin [8], are a result of the action of
ETA and ETB [9]. On the other hand, ETD seems to be associated
with the formation of cutaneous abscesses and furuncles [10],
characterized by extensive tissue damage, which might be a result
of the localized action of ETs [11].
ETA and ETB are atypical glutamic acid-speciﬁc trypsin-like
serine proteinases and their accumulation in the skin causes
disruption of desmosomes via proteolytic cleavage of desmoglein I
[7,12]. ETD mediates intra-epidermal cleavage through the granular
layer of the epidermis of neonatal mice and induces epidermal
blisters in newbornmice [5]. The mechanisms underlying substrate
recognition by these proteases suggest that ETs recognize their
substrates via both the classic P1 site interactions and signiﬁcant
secondary interactions involving the tertiary structural features of
desmoglein [11].
We recently identiﬁed an ET-like protein in S. aureus O46, a
strain associated to mild ewe mastitis [13,14]. It showed high
similarity with previously described S. aureus ETD in its amino acid
primary sequence, including the presence of the typical catalytic
site found in the other ET proteins described so far, and was thus
named EDT-like. The exact role of this ETD-like variant in S. aureus
colonization of the udder tissues or in the infection process in
ruminant mastitis remains unknown.
The crystal structures of ETA and ETB [8,1517] along with the
structure of ETD-like presented here provide the structural basis for
understanding the exquisite substrate speciﬁcity of these enzymes
and their ability to only cleave a single bond in desmoglein 1 but
not in other homologous desmogleins.
2. Materials and methods
2.1. Protein expression and puriﬁcation
The gene corresponding to ETD-like was ampliﬁed from S.
aureus O46 genomic DNA and cloned into a pD441 expression
vector for further protein production and puriﬁcation.
An isolated colony of E. coli C43 (DE3) pLysS transformed with
pD441/ETD-like was grown for 16 h at 37 C in LB medium sup-
plemented with kanamycin (34 mg/mL). The culture grown over-
night was diluted 100-fold with fresh LB broth containing
kanamycin (34 mg/mL) and incubated at 30 C until the optical
density (OD600) reached 0.5 and was subsequently induced with
0.2 mM IPTG for 16 h at 20 C. The cells were collected by centri-
fugation at 2600 g for 10 min at 4 C and suspended in a 20 mM
TriseHCl buffer pH 8.0 containing 500 mM NaCl, lysed by soni-
cation and centrifuged at 15,000 g for 15 min. The supernatant was
subjected to afﬁnity chromatography using an immobilized nickel
column (GE) under native conditions and further puriﬁed using a
Superdex G75 10/300 GL column and the results were analyzed by
SDS-PAGE.
2.2. Crystallization, data collection, processing and structure
determination
Crystals were obtained by vapor diffusion when a protein con-
centration of 20 mg mL1 in 100 mM HEPES Sodium pH 7.5 was
equilibrated against a reservoir that additionally contained 30% 2-
Propanol. Diffraction data were collected from a single ﬂash
frozen crystal in a 100 K gaseous nitrogen stream at theW01B-MX2
beamline at Brazilian Synchrotron Light Laboratory (LNLS, Campi-
nas, Brazil). The wavelength of the radiation source was set to
1.458 Å and a Pilatus 2M detector was used to record the diffraction
intensities. The crystal was exposed for 2 s per 0.1 degree of rotationand a total of 1800 images collected. The data were indexed, inte-
grated and scaled using the DENZO and SCALEPACK programs from
the HKL-2000 package [18].
The structure was solved by molecular replacement using the
atomic coordinates of ETB (PDB ID: 1DT2, 62% sequence identity) as
a template and the program PHASER [19]. Model reﬁnement was
carried out using cycles of REFMAC5 [20] or phenix.reﬁne [21]
followed by visual inspection of the electron density maps and
manual rebuilding with COOT [22]. Reﬁnement cycles included
secondary structure, reference-model restraints and translation/
libration/screw parameters. The model quality was assessed using
MolProbity [23]. Data collection and reﬁnement statistics are pre-
sented in Table 1. The ETD-like atomic coordinates have been
deposited with the RCSB Protein Data Bank under the accession
code 5C2Z.
2.3. Hydrodynamic experiments
Sedimentation velocity experiments were carried out in an
Optima XL-A analytical ultracentrifuge (Beckman) with the AN-
60 Ti rotor set at 30,000 rpm at 15 C. The ETD-like sedimenta-
tion data was monitored by absorbance at 230 nm and the ex-
periments were performed with protein concentrations of 0.4
and 0.8 mg/mL prepared in 20 mM Hepes, 150 mM NaCl, pH 7.5.
The SedFit software was used to process the AUC data [24] and
the frictional ratio (G/G0) was applied as a regularization
parameter, which was allowed to drift freely. Buffer density
(1.0039 g/mL) and viscosity (0.0102643 Poise), and the partial
speciﬁc volume of the ETD-like (0.7346 mL/g) were estimated
by the Sednterp program (http://www.jphilo.mailway.com/
download.htm).
DLS measurements were performed using a ZETASIZER Nano
series (Malvern Instruments) and the data acquisition was accom-
plished after the average of 14 runs at a constant temperature of
25 C and protein concentration ranging from 1 mg/mL to 8 mg/mL
in a 20 mM Hepes buffer pH 7.5 and 150 mM NaCl. The Zetasizer
software was used to obtain the hydrodynamic radius (Rh) of ETD-
like from the extrapolation of the translational diffusion coefﬁcient
(Dt) according to the StokeseEinstein equation.
2.4. Differential scanning calorimetry (DSC)
DSC experiments were performed using N-DSC III (TA In-
struments, USA) in the temperature ranges of 20e64 and 20e90 C
with a heating and cooling scan rate of 1 C/min. The protein was
diluted in a phosphate buffer (10 mM NaH2PO4, 100 mM NaF, pH
7.4) to a ﬁnal concentration of 0.64 mg/mL. Both the calorimeter
cells were loaded with the buffer solution, equilibrated at 20 C for
10 min and scanned repeatedly as described above until the base-
line was stable and reproducible. The sample cell was subsequently
loaded with ETD-like and scanned in the same way. The baseline
correction was conducted by subtracting the ‘buffer vs. buffer’ scan
from the corresponding ‘protein vs. buffer’ scan and all measure-
ments were repeated twice.
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Circular dichroism spectroscopy was performed on a Jasco J-
815 spectropolarimeter (Jasco, USA) with a Peltier-type tempera-
ture control system. The far UVeCD spectrum of ETD-like was
collected from 260 to 190 nm at 20 C in a 0.1 cm quartz cuvette. A
scan speed of 50 nm/min was used with a response time of 1.0 s,
spectral bandwidth of 1.0 nm and spectral resolution of 0.1 nm.
The signal was averaged over 10 scans. Each spectrum was ac-
quired independently twice. The protein was diluted to 7.35 mM in
a phosphate buffer (5 mM NaH2PO4, 50 mM NaF, pH 7.4). In the
thermal unfolding experiment, the protein sample was heated
from 20 to 64 C at a rate of 1.0 C/min and ellipticity measure-
ments were performed around the minimum of the ETD-like
spectra (at 205 and 208 nm) every 2.0 C. The contribution of the
buffer was subtracted from the protein spectra. Percentages of
secondary structure of ETD-like in solution were calculated with
the CONTINLL software of the CDPro package, using the reference
set of proteins SMP50 [25].
2.6. Molecular dynamics
Crystal structures from ETA and ETB were retrieved from the
PDB (IDs: 1DUA and 1DT2, respectively). In order to compare the
dynamical behavior of the three exfoliative proteins,
40 ns (4  10 ns) molecular dynamics simulations were performed
using GROMACS 4.5.5 [26,27]. In each run, the proteinwas centered
in a cubic box with edges of 1.0 nm away from any protein atom.
The SPC/E water model was used and 0.1 M salt ions were added to
the system in order to make it neutral. Energy minimizations were
carried out with steepest descent integrator and conjugate gradient
algorithm, using 1000 kJ mol1 nm1 as maximum force criterion.
The particle mesh Ewald (PME) method for long-range electrostatic
interaction [28] was used. In all simulations, a velocity rescaling
thermostat [29] with a time constant of 0.1 ps was used to set the
temperature to 300 K. The pressure of 1 atm was achieved by a
Berendsen thermostat [30] with a time constant of 2 ps. Parallel
linear constraint solver (LINCS) [31] was used to constrain all bonds.
The systems were subject to 100 ps of NVT and NPT equilibration,
using position constraints. Molecular dynamics simulations were
carried out by 4 independent 10 ns runs with no position
constraint, whatsoever. Following dynamics, the trajectories were
concatenated and analyzed by different parameters, such as
hydrogen bond pattern, potential energy proﬁle, solvent area
accessibility, residue mean ﬂuctuation. Also, principal component
analysis (PCA) using the g_covar and g_anaeig functions in GRO-
MACS. The 10 ﬁrst principal components (lowest frequencies) were
used for comparison among the ETA, ETB and ETD-like.Fig. 1. Biophysical characterization of ETD-like. (A) DSC thermogram of ETD-like. Apparent e
(10 mM NaH2PO4, 100 mM NaF, pH 7.4) at a scan rate of 1 C/min. The dotted line (- - -) ind
used to correct the protein thermogram, excluding the temperature range in which the exoth
buffer (5 mM NaH2PO4, 50 NaF, pH 7.4) at 20 C. The letters a, b, T and R correspond to the
CONTINLL program. (C) Temperature dependence of average value of the ellipticity between
min. The solid line represents a sigmoidal ﬁt and the dotted line indicates the melting tem3. Results and discussion
3.1. Thermodynamics and in solution behavior of ETD-like protein
The thermogram of puriﬁed ETD-like presented in Fig. 1A
represents a typical protein unfolding process in the temperature
range of 30e64 C with an endothermic transition centered at
52 C, and an exothermic aggregation in temperatures up to
64 C. Inspection of the sample after completion of the heating
and cooling scans indicated trace amounts of precipitated pro-
tein. It is likely that the observed exothermic behavior up to
64 C is a result of protein aggregation. To conﬁrm the thermal
reversibility of ETD-like, a sample was heated to 64 C and then
cooled at the same scan rate (1 C/min). The cooling scan of this
sample indicated no transitions in the thermogram. These results
indicate that the thermal unfolding of ETD-like is an irreversible
process.
The CD spectrum of ETD-like presents structural characteristics
of a structured protein since its minimum is located at 205 nm and
the positive ellipticity is at 190 nm (Fig. 1B). The percentages of
secondary structure were calculated using the CONTINLL program
[25] and are in agreement with the crystallographic structure.
Fig. 1C presents the temperature dependence of the average value
of the ellipticity between 205 and 208 nm for the thermal unfolding
of ETD-like. The melting temperature obtained by the CD mea-
surements was 55 C which is similar to the temperature deter-
mined by DSC, indicating signiﬁcant correlation between the
techniques.
Thermal denaturation studies of ETA and ETB using ﬂuores-
cence spectroscopy indicated that these proteins present melting
temperatures in the 57e59 and 52e54 C ranges [32], which is
very similar to the melting temperature of ETD-like (52e55 C)
determined in this work. The thermal unfolding process of ETD is
similar to that of ETB, not only because of the greater similarity
between the melting temperatures, but also due to the aggrega-
tion behavior that both present [33]. This may be due to the high
sequence similarity of 54% between ETD-like and ETB. Secondary
structure studies performed by CD spectroscopy also demon-
strated that ETA and ETB present a higher percentage of b-sheet in
solution [33], which is in agreement with the results obtained for
ETD-like.
Hydrodynamic behavior of ETD-like was investigated by DLS
(Table 1) and AUC (Table 1) experiments. The results indicate that
the protein is monomeric in solution, since DLS estimates the
protein hydrodynamic radius as 2.8 nm and AUC estimates the
molecular mass as 27 kDa (Table 1). No evidence for oligomeric
behavior of ETs is available, although some ET structures contain
two molecules in the crystallographic asymmetric unit.xcess heat capacity curve was recorded for ETD-like (0.64 mg/mL) in phosphate buffer
icates the melting temperature (TM) and the dashed line (e e) represents the baseline
ermic aggregation occurs. (B) Far UVeCD spectrum of ETD-like (7.35 mM) in phosphate
percentage of a-helice, b-sheet, turn and random coil, respectively, calculated by the
205 and 208 nm for the thermal unfolding of ETD-like obtained with scan rate of 1 C/
perature (TM).
Table 2





a, b, c (Å) 49.41, 93.14, 50.48
b () 91.2
Molecules per AUa 2




Completeness (%) 96.0 (86.0)
Multiplicity 6.9 (5.1)
Reﬁnement








Bond lengths (Å) 0.007





Values in parentheses are for the highest-resolution shell.
*Correlation coefﬁcient.
a AU, asymmetric unit.
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Four structures of ETA (PDB IDs: 1EXF, 1DUA, 1DUE and 1AGJ)
and two structures of ETB (PDB IDs: 1DT2 and 1QTF) have beenFig. 2. Structural analysis of ETD-like. (A) Overall ETD-like structure. The enzyme is folded i
trypsin-like serine proteases. The N- and C-terminal a-helices are colored in green and red,
residues. (B and C) Analysis of loops involved in the selectivity between ETD-like (this work)
and, in ETA and ETB, they are colored according to each loop. (D) Positive (blue) and negative
charge distribution around the catalytic interface of ETD-like, ETA and ETB. (For interpretation
this article.)determined and with the structural data of ETD-like we can now
understand their selectivity and modes of action.
The structure of ETD-like was determined and reﬁned at 1.95 Å
resolution and resulted in a crystallographic residual of 17.7% (Rfree
25.3%) (Table 2). The high structural similarity between exfoliative
toxins ETA, ETB and ETD-like protein, which share about 50%
sequence identity, is evidenced by the low RMSD values of the
superposed structures (ETAeETB: 1.27 Å, ETAeETD-like: 1.43 Å and
ETBeETD-like: 1.00 Å). The following structural characteristics are
shared between the ETs from S. aureus: (i) protein fold is charac-
terized by two six-strand b-barrels whose axes lie roughly
perpendicular to each other as in other trypsin-like serine pro-
teases, (ii) the Greek key motif consists of four adjacent antiparallel
strands and their linking loops, (iii) the N- and C-terminal a-helical
extensions and (iv) the active site is located at the interface of the
two barrels that includes an aspartic acid, a histidine, and the
catalytic serine residue (Fig. 2A).
The distinct size (ETD-like, ETA, ETB are composed of 249, 242
and 246 residues, respectively) and pI values (pIETD-like ¼ 7.8 [34],
pIETA ¼ 7.0 and pIETB ¼ 6.95 [35]) indicate that despite the high
structural conservation, structural differences associated with each
ET may account for the observed functional differences. Detailed
sequence and structural analyses permitted the identiﬁcation of
regions speciﬁc for each ET (Figs. 2 and 3, and Table 3) and are
described below.3.3. Sequence and conformation of loops related to substrate
binding and speciﬁcity
Loops A, B, C and D are considered the determinants for subsite
preferences in these proteins [17,35,36]. Distinct conformations of
loops B and D are observed between ETA and ETD-like (Fig. 2B). In
ETB, structural differences between loops A and B are observed
when this structure is superposed with ETD-like (Fig. 2C). Sequencento two six-strand b-barrels (blue) whose axes that are roughly perpendicular as other
respectively. The active site of the molecule is ampliﬁed to identity the three catalytic
, ETA (PDB ID: 1EXF) and ETB (PDB ID: 1DT2). The loops in ETD-like are colored in black
(red) residues comprising the N-terminal a-helix of ETD-like, ETA and ETA. (D) Surface
of the references to color in this ﬁgure legend, the reader is referred to the web version of
Fig. 3. Molecular dynamics simulations and structural comparisons between ETD-like, ETA and ETB. (A) Comparison of Root Mean Square Fluctuation for each amino acid residue.
ETA's N-terminal is more ﬂexible as compared to ETB and ETD-like. ETD-like C-Terminal region, absent from ETA, is more ﬂexible as compared to ETB. (B) Projection of the molecular
dynamics trajectories onto the ﬁrst principal component highlighting regions found to be more ﬂexible among ETA, ETB and ETD-like.
Table 3
Primary sequence analysis of ETs.
ETD-like amino-acid residues
ETD-like amino-acid residues conserved with ETA 56, 57, 58, 91, 97, 104, 107, 108, 115, 119, 128, 155, 216, 231
ETD-like amino-acid residues conserved with ETB 37, 38, 39, 41, 46, 50, 52, 59, 64, 65, 69, 70, 72, 99, 109, 111, 116,
130, 132, 133, 137, 140, 148, 150, 154, 160, 163, 170, 171, 176, 177,
182, 188, 189, 191, 194, 195, 196, 199, 203, 204, 209, 211, 215, 226,
236, 238, 239, 240, 243, 244, 246, 249, 250, 251, 253, 255, 257, 258,
260, 265, 266, 269, 270, 271, 274, 275.
Amino-acid residues exclusive for ETD-like 40, 42e45, 47e49, 50, 53, 60, 62,63,68,78, 80, 84, 91, 95, 100, 102,
103, 106, 113, 114, 118, 120e125, 127, 131, 136, 138, 142, 144, 147,
156, 157, 164, 165, 168, 172, 173, 175, 181, 190, 192, 193, 197, 202,
205, 206, 207, 208, 212, 227, 241, 242, 245, 247, 248, 252, 254, 256,
259, 261, 263, 264, 267, 268, 276, 277, 278, 279.
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loops A, C and D present a fair degree of conservation (Fig. 2).
Loops 1, 2, and 3 are important in determining the speciﬁcity of
the S1 subsite [17,36,37], and loop 2 is considered to be important
for the proper positioning of the substrate in the active site of
serine proteases, as residues along the loop form hydrogen bonds
with the substrate [37]. Loop 1 is fully conserved in ETA, ETB and
ETD-like (Fig. 2B,C). Conformational changes are observed in loops
2 and 3 of ETD-like when compared with the corresponding re-
gions in ETA (Fig. 2B). The sequences in these loops are notconserved between the ETs (Fig. 2B,C). When the ETD-like and ETB
structures are compared, sequence and structural differences are
principally observed in loop 3 and thus likely play a role in
determining P1 speciﬁcity (Fig. 2C).
3.4. Loops connected to the N- and C-terminal a-helices are
characteristic for each ET
Amino acids in the loops AeD and 1e3 participate in the in-
teractions with the substrate; however, variations are also observed
R.B. Mariutti et al. / Biochemical and Biophysical Research Communications 467 (2015) 171e177176in other loops of the ETD-like structure, which do not have deﬁned
roles in recognition or speciﬁcity. These differences reside in the
loop connecting the N-terminal a-helix and the b1strand of ETD-
like in relation to ETA (referred to as loop NT) and in the loop in the
proximal region of the C-terminal a-helix (referred to as loop CT),
which is also quite different in these two toxins (Fig. 2B,C). These
regions differ both in composition and conformation and are
considered the most ﬂexible zones in these toxins, which might be
associated with conformational changes upon substrate binding. In
comparison to ETA, ETD-like has a very long loop CT inducing a
different orientation of the C-terminal helix (Fig. 2B). In relation to
ETB, these two loops are relatively similar in length and composi-
tion, indicating that these regions seem to be involved in the
functional differentiation between ETD-like and ETA, and not to
ETB. Molecular dynamics simulations indicate that the ETA loop NT
is found to be more ﬂexible than in ETB and ETD-like. This region is
more conserved between ETB and ETD-like but not in ETA. This
region in ETA is an extension of the N-terminal a-helix (a1), and in
both ETB and ETD-like this helix is considerable shorter and the
loop connecting the C-terminal helix, is more ﬂexible in ETD-like
than in ETB (Fig. 3).
3.5. N-terminal a-helix of ETs presents differential charge proﬁle
and forms distinct interactions
Structural differences are not restricted to the interfacial loops
in the ETs structures; the N-terminal a-helix is highly charged in
ETA, ETB and ETD-like, but the charge proﬁle is signiﬁcantly
different, principally between ETD-like/ETA and ETB (Fig. 2D). The
electrostatic potential at these helices indicates that the in-
teractions formed by the residues from the N-terminal region are
also different. The ﬁrst residues of ETD-like (Met1eGlu3, ETD-like
numbering) are in contact with residues of loop 3, which differ
from those of ETA whose N-terminal residues are in contact with
loop 2. In ETB, Tyr3 (ETB numbering) forms part of a buried hy-
drophobic interface with residues Phe172, Phe178 and Leu210 (ETB
numbering) of the C-terminal barrel domain as well as Ile8, Leu11,
and Phe15 (ETB numbering) of the N-terminal helix. Although the
triad position of Phe172, Phe178 and Leu210 (ETB numbering) is
preserved in ETD-like, interactions formed by these residues are
not the same. In ETD-like, the corresponding residues for Ile8 and
Leu11 (ETB numbering) are Asp36 and Ile39 (ETD-like numbering).
3.6. Dynamics of ETA, ETB and ETD-like
To further compare the dynamics of the three toxins, projection
of the 40 ns trajectories onto the two ﬁrst principal components
reveal that the intrinsic dynamics of ETA, ETB and ETD-like differ as
presented in Fig. 3. The ETA dynamics indicate that the N-terminal
helix and the loop comprising the segment K75eK83 (ETA
numbering) are themost mobile regions (Fig. 3). On the other hand,
ETB is highly ﬂexible in the loop consisting of Q82eT93 (ETB
numbering). In this loop, ETA has a b-strand that is not present in
either ETB or ETD-like and displays low sequence identity with ETA.
The ETD-like C-terminal loop is more ﬂexible when compared to
ETB. This is mainly due to G254 in the position of S220 in ETB. Also,
the K261 in ETD-like replaces D226 from ETB. This negative to posi-
tive charge inversion coupled to the higher mobility of this loop in
ETD-like might inﬂuence substrate recognition.
These structural deviations may inﬂuence the protein-substrate
interactions. ETA, ETB and ETD are able to hydrolyze Dsg-1 both
in vitro and in vivo [7,12,38,39] with hydrolysis being highly
dependent on the conformation of Dsg-1 [40] and calcium ions
[4042] with cleavage occurring at exactly the same site [12].
Although, the substrate is common to all ETs, human-infectingstrains of S. aureus produce mainly ETA and ETB, and ETD is less
frequently encountered than the other two toxins [5,43]. ETD-
producing strains are mainly isolated from furuncles or cutaneous
abscesses and not from the same tissues as the two other toxins
[5,10]. The differences identiﬁed at the structural level here might
also somehow reﬂect an adaptation to ruminant hosts.
In conclusion, the elucidation of the crystal structure of this
ETD-like protein enables detailed structural comparisons of ETD-
like with ETA and ETB and is important for the identiﬁcation of
speciﬁc features associated with the ETs from S. aureus of various
host origins.
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